The role of glycolysis vs. respiration in tumor energy metabolism has been studied, to date, primarily in vitro by using single cells, multicellular spheroids, or tissue slices. With the advent of in vivo NMR spectroscopy, several investigators have shown that tumor energy status depends on its blood flow. Since manipulation of blood flow alters both oxygen and glucose delivery to a solid tumor, these studies have not been able to separate the relative contribution of oxygen vs. glucose in energy metabolism in vivo. In the present study, we have overcome this problem by combining two methods: the tissue-isolated R3230AC mammary adenocarcinoma perfused ex vivo and 31P NMR spectroscopy. The isolated tumor permits one to control the perfusion pressure as well as the metabolite concentrations in the perfusate. NMR spectroscopy permits one to measure the ratio of nucleoside triphosphate to inorganic phosphate (NTP/PO and pH. Our results show that (s) the NTP/P, ratio ex vivo is similar to that observed in vivo prior to surgery, (it) the NTP/Pi ratio is insensitive to flow changes at high flow rates but is proportional to flow rate at flows comparable to those found in vivo, (iiM) the NTP/Pi ratio of these tumors is resistant to hypoxia and is not maintained when glucose is removed or replaced with glutamine, and (iv) although both 02 and glucose are consumed by these tumors, the effect of perfusate flow rate appears to be mediated largely through glucose delivery. The current approach not only provides information about the role of glycolysis vs. respiration in a rodent tumor but also is general and versatile enough to provide similar data in human tumors perfused ex vivo.
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The production of ATP by mammalian cells occurs by glycolysis and oxidative phosphorylation. The current understanding of the relative contributions of each of these energy-producing pathways in tumors has been derived primarily from in vitro studies of single cells, multicellular spheroids, and tissue slices (1) (2) (3) . However, the conclusions based on these in vitro systems may not be valid for solid tumors in vivo due to the temporal and spatial heterogeneity in tumor blood supply and the resulting mass transport limitations (4) (5) (6) . Using NMR spectroscopy, several investigators have shown that changes in the NTP/Pi ratio due to various manipulations (e.g., chemotherapy, radiation therapy, etc.) are correlated with alterations in blood flow (7) (8) (9) (10) (11) (12) .
Since changes in blood flow modify both 02 and glucose delivery to a solid tumor, these studies have not been able to separate the relative contributions of glycolysis and respiration. Although it is possible to change 02 or glucose concentrations in vivo by altering 02 level in inspired gases (13) or by exogenous administration of glucose or insulin (10, 14) , the interpretation of results is complicated by alterations in other physiological parameters. As a result, the following central question remains unanswered: What is the relative contribution ofoxygen vs. glucose in the maintenance ofATP and pH in tumors in vivo?
The tissue-isolated tumor preparation perfused ex vivo makes it possible to study systematically the determinants of tumor energy metabolism. This tumor model, first developed by Gullino (15) , is a transplantable tumor surgically prepared so that it has a single artery and a single vein as its vascular connections to its host. It is possible to completely remove the tumor from its host as an isolated perfused tumor (16) . This ex vivo tumor has the vascular structure and potential mass transport limitations of a solid tumor in vivo but permits complete control over perfusate pressure and composition. The isolated perfused tumor model has been used to study 02 and glucose consumption (17) , the determinants of tumor blood flow (18, 19) , capillary filtration (20) , drug pharmacokinetics (21, 22) , and most recently energy metabolism (23) .
We report herein the use of a combination of the perfused tissue-isolated R3230AC mammary adenocarcinoma and 31p NMR spectroscopy to isolate the factors that determine the energy status of the tumors. This tumor line has been characterized in vitro for its energy metabolism (24, 25) . The ex vivo perfusion has been carried out using an erythrocytefree medium with a relatively low 02 content. The metabolic stability of the preparation is assessed both by comparing the in situ and ex vivo 31P NMR spectra and by monitoring the stability of the energy status over time. The relationship between flow and energy status is examined by monitoring the 31P NMR spectrum during progressive decreases in perfusate pressure and flow rate. Of course, altering the flow changes the delivery ofboth 02 and glucose. These effects are separated in experiments where either 02 or glucose is removed from the perfusing medium, thus evaluating whether the tumor has the ability to maintain its energy status in the absence of an exogenous carbon source (glucose) or in the absence of the usual electron acceptor for oxidative phosphorylation (02). Finally, by replacing the glucose with glutamine, a carbon source that does not enter glycolysis but produces ATP solely through oxidative phosphorylation, the ability of the tumor to maintain ATP levels by oxidative phosphorylation alone is evaluated.
METHODS
Tumor Preparation and Perfusion. Experiments were performed using the R3230AC mammary adenocarcinoma (Biomeasure, Hopkinton, MA), maintained in our laboratory by serial subcutaneous propagation in Fischer 344 weanlings. The tissue-isolated tumors were prepared surgically in adult Fischer 344 females by the procedure developed by Gullino (15) and modified in our laboratory (26) . Briefly, tumor slurry is injected into the periovarian fat, which is then enveloped in a Parafilm bag (American National Can, Greenwich, CT) and placed subcutaneously. Tumor blood flow is supplied by the ovarian artery; all venous outflow returns via the ovarian vein. The tissue-isolated tumors were used for experiments 12-17 days after implantation [tumor weight, 0.7-2.5 g (av-
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Lactate and Oxygen. Lactate concentrations were measured with an enzymatic assay (Sigma). Oxygen content was measured using a blood-gas analyzer (Radiometer, Copenhagen). Lactate production and oxygen consumption were calculated from the arterio-venous concentration difference and the flow rate.
Experiments. The 31P NMR spectra of eight tumors were examined both in situ and ex vivo, i.e., immediately before and after the surgery necessary for ex vivo perfusion. In vivo spectra were obtained with the rat under the pentobarbital anesthesia used for the isolation surgery and the tumor within its Parafilm bag and with its vascular connections intact but freed from its subcutaneous pouch. The four tumors studied in vivo were made acutely ischemic by arresting the host rat's heart with a rapid infusion of 1 M KCI while the collection of 31p spectra continued. Four sets of ex vivo experiments were performed. During each experiment, serial 31p spectra were collected continuously and venous outflow was periodically sampled. Each of the experiments began with a 60-to 90-min collection of baseline spectra from the perfused tumor. Flow was adjusted to maintain a constant perfusion pressure of 100 mmHg. In the first set of experiments (n = 4), no manipulations of the perfusate composition or pressure were made throughout the perfusion. In the second (n = 4), the gas entering the exchanger was changed to 95% N2/5% C02, removing >99.5% of the 02 from the perfusate within several minutes. This hypoxia continued for 60-90 min. The gas composition was then returned to 95% 02/5% CO2. After an additional 30 min, perfusion pressure was progressively decreased at 50-min intervals to =50, 25, 12 , and 6 mmHg.
Finally, the perfusate was returned to its original pressure and spectra were collected for another 60 min. In the third set of experiments (n = 4), the perfusate was changed to one that contained no glucose. Glucose-free perfusion continued for 60-90 min. The original glucose-containing medium was returned and spectra were collected for another 60 min. In the fourth set of experiments (n = 3), the perfusate was changed to one that contained 22.2 mM glutamine or 11.1 mM glutamine plus 11.1 mM pyruvate.
Of 24 attempted ex vivo perfusions, 15 proved suitable for the experiments. The tumors were not used if (i) no venous outflow existed, (ii) technical problems with the apparatus caused the loss of blood flow, or (iii) the energy status of the perfused tumor was outside the range observed for the same tumors measured in situ (i.e., NTP/Pi < 0.25). Most of the unsuitable tumors were excluded by one of the first two criteria; only two tumors had normal venous outflow but failed to meet the third criterion.
RESULTS AND DISCUSSION 31p NMR monitoring shows that the energy status of the R3230AC mammary adenocarcinoma can be maintained during ex vivo perfusion with a cell-free medium. The 31P NMR spectra of the tissue-isolated tumors assessed both in vivo and ex vivo showed no consistent changes after the extensive surgery required to perfuse the tumor (Fig. 1) slightly. In all the controls, the NTP/Pi and pH remained constant after the first 45 min of the 31P NMR spectroscopy. This stability during constant pressure perfusion occurred despite a gradual spontaneous 25-75% decrease in venous flow over the entire 6-to 8-h perfusion. Similarly, there was no indication of loss of total phosphates from the NMR spectra; the intensity of the NTP peaks was similar through all of the experimental manipulations.
The tumor energy status showed a marked response to changes in blood or perfusate flow. In vivo, the cessation of tumor blood flow results in a rapid drop in the NTP/P; ratio (Fig. 2) . Similarly, when flow rate was decreased in the ex vivo-perfused tumors by lowering the perfusion pressure, the NTP/Pi ratio dropped rapidly, reaching a new steady state within 25 min. ( Fig. 3) , the relationship between NTP/PN and flow has an apparent Km at roughly 10% of the initial flow. The absolute perfusate flow rate to which this relative flow corresponds averaged 0.05 ml per min per g. The changes in NTP/Pi were paralleled by decreases in the pHNMR by as much as 0.6 pH unit (data not shown). and acute glucose deprivation (B). At 0 min in A, the gas in the gas exchanger was switched to 95% N2/5% CO2. At 0 min in B, the glucose content of the medium was decreased to zero. The arrows mark the return of the 95% 02/5% CO2 or glucose, respectively.
Error bars represent SD.
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0~~~~~retur Despite the marked response of both the in vivo-and the ex vivo-perfused R3230AC mammary adenocarcinoma to ischemia, hypoxia alone had little effect on the energy status, the pHNMR, or the lactate release of the perfused tumors (Fig. 4A and Table 1 ). The decrease in NTP/Pi was 10 + 9%o (mean ± SD). The return of 02 to the perfusate resulted in no further change in any of these measured parameters. In contrast to the effect of hypoxia, the tumor NTP/Pi ratio dropped markedly during glucose deprivation ( Fig. 4B and Table 2 ).
The NTP/Pi ratio of the perfused tumors fell to a steady-state level 25 ± 10% of its baseline level with a half-life of 13 ± 5 min. This apparently stable residual NTP may reflect the ability of the neoplastic cells to utilize glycogen or to catabolize endogenous substrates (e.g., fatty acids) via oxidative phosphorylation. Upon the return of the glucose-containing medium, NTP/P1 slowly rose and, after 60 min, had reached 76 ± 23% of the baseline value. Switching the carbon substrate from glucose to glutamine or glutamine plus pyruvate in the presence of 02 also resulted in a rapid loss of the high-energy phosphates. The rate of the NTP/Pi drop was similar to that observed for glucose deprivation (Table 2) (6, 17, 30, 31) , and there is much indirect evidence that they are related to tumor energy status (7) (8) (9) (10) (11) (12) . However, the results of studies that monitor directly the effect of acute hypoxia on neoplastic cells or tissues are complex. When cultured FSaII and MCaIV cells are made acutely hypoxic, the energy charge of the former drops markedly over 2 h whereas that of the latter decreases significantly only after 4-6 h (32). When hybridoma cells grown at high density in hollow fiber reactors are acutely exposed to decreased 02 concentrations, the relative levels of NTP drop markedly over 10 min (33) . When tumor spheroids of EMT6 mouse mammary carcinoma are exposed to acute hypoxia, the energy status is markedly reduced and pHNMR is decreased though the NTP/Pi ratio of the spheroids returns to baseline levels after 20 h despite continued hypoxia (34) . When mice bearing subcutaneous FSaII fibrosarcoma or MCaIV mammary carcinoma tumors are given 100% or 10% 02 in their inspired gases, the NTP/Pi ratios rapidly show mild-to-moderate increases or decreases, respectively (13) . Glucose (or another carbon source) is necessary for energy production and limitations to its delivery in vivo are also well-documented (30, 31, 35) . Glucose deprivation results in rapid loss of high-energy phosphates (14, 36) .
The results of the current experiments show that the removal of oxygen caused only a small drop in NTP levels in the tissue-isolated R3230AC mammary tumors. The insensitivity of tumor energy status to hypoxia is first seen in the transition from in vivo to ex vivo conditions and again in the further removal of 02 from the perfusion medium. The cell-free perfusate, brought into equilibrium with 95% 02/5% C02, contains only 10% ofthe 02 ofwhole blood; the removal of erythrocytes also decreases the resistance to flow through the perfused tumors by roughly a factor of 2 (19 (27) though only 50% of the glucose consumed by these tumors is accounted for by lactate production, similar to other tumors in vivo (37) . If two ATPs are produced per glucose utilized and six ATPs are produced per 02 consumed, this would mean that 50% of the ATP is generated through oxidative phosphorylation. Many phenomena might explain the observed insensitivity of these tumors' energy status to hypoxia. These include the inhibition of 02 consumption from the elevated rates of glucose delivery ex vivo (secondary to increased flow rates with the acellular medium) via a Crabtree effect, the diffusion Of 02 across the exposed tumor surface, a parallel reduction in both ATP consumption and production, or a rapid switch from one energy-producing pathway to another during the transition to ex vivo perfusion. It also is possible that oxygen consumption does not reflect ATP generation through oxidative phosphorylation. There may be significant mitochondrial-uncoupling or other oxygen-utilizing processes. The inability of the tumors to use glutamine or pyruvate to maintain relative NTP levels must be interpreted with caution. The decreased 02 delivery with the cell-free perfusate makes it uncertain whether these results can be applied to in vivo metabolism; i.e., it is possible that greater 02 delivery might enable the cells to use such substrates as glutamine to maintain energy status.
In conclusion, the energy status of the isolated ex vivoperfused mammary adenocarcinoma is similar to that in vivo. The perfused tumor is dependent on glucose for maintenance of NTP levels. Severe hypoxia has little effect on tumor NTP levels. Thus, the effects of changes in blood flow on energy status are mediated largely through glucose delivery in this tumor. It is possible that this behavior represents a difference in the metabolic properties of this mammary adenocarcinoma in vitro and in vivo. Of course, many questions remain unanswered. There is apparent consumption of 02 when it is available, despite the insensitivity of relative NTP levels to hypoxia. Roughly half of the glucose consumed is not converted to lactate. The ability of the tumor to utilize such substrates as glutamine and pyruvate with higher rates of 02 delivery is not known. Further experiments using '3C-labeled substrates and perfusates with higher 02-carrying capacity may prove useful in addressing such questions. Finally, with the availability of a similar ex vivo preparation for human tumors (38) , it should now be possible to discern the role of glycolysis vs. respiration in human tumors.
